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ABSTRACT

Using geophysical methods, we have characterized the Midvale Superfund site in Midvale,
Utah, a project funded under an Interagency Agreement with Region VIII of the
Environmental Protection Agency. On this site are wastes from smelting that occurred
between 1871 and 1958. The primary objective of the characterization is to determine the
thicknesses of the four slag piles — this information will be used to determine the cost of
removing this waste. The secondary objective is to test how well geophysical methods
can address some generic problems that exist here and at other sites in the Rocky
Mountain states.

We estimated the thicknesses of the slag piles using electromagnetic methods because the
slag is much more electrically resistive than the underlying sediments. We made terrain
conductivity measurements at stations generally spaced 15.2 m (50 ft) apart along a
profile, and we used a least-squares algorithm to estimate the thicknesses. We also made
several time-domain electromagnetic measurements, and we estimated the thicknesses
using another least-squares algorithm. For the pile of iron slag, the thickness at the
southern end is approximately 11 m (35 ft), at the northwestern end 4 m (14 ft), and at the
northeastern end 20 m (65 ft). Because the estimates from both types of data are
consistent, we are confident in their accuracy. At the northeastern end, the slag might be
filling a hole dug for a land fill.

For the pile of copper slag, the thickness in the northeast corner is approximately 6 m

(20 ft), and it gradually diminishes to 2 m (7 ft) towards the west, just before the site road.
In the southeast corner, which is on the side of a small bluff, the thickness is about 1 m

(2 ft), and it gradually increases to approximately 2 m (7 ft) towards the west near the site
road. The thickness determined from the one time-domain electromagnetic sounding is
virtually identical with the thicknesses determined by the frequency-domain measurements.
For the eastern and western piles of the air-quenched slag, the estimated thicknesses are
erratic and generally smaller than we expect from our knowledge of the geology. We
believe that these mediocre results are due to the heterogeneity of the pile. Nonetheless,
after examining the topography and carefully interpreting these estimates, we believe that
the eastern pile is approximately 8 m (25 ft) thick and the western pile 6 m (20 ft). For the
pile of water-quenched slag, our measurements are very erratic, and again we believe that
this phenomenon is due the to heterogeneity of the pile. Here our estimates from the
geophysical measurements are not geologically plausible because they are much greater
than the height of the pile relative to the flood plain, which is approximately 18 m (60 ft).

We used magnetic field measurements and four types of terrain conductivity
measurements to detect the buried foundation of the bag house because such foundations
usually contain steel reinforcing rods. The measurements are at closely spaced stations
along three profiles that are perpendicular to the long axis of the foundation. The
anomalies coincide with the foundation edges and two man-made structures, which we
located using old engineering drawings of the site.
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To detect the calcine waste, we measured the (electrical) self potential along two profiles.
We used this method because sulfur, which is prevalent in this waste, is frequently
involved in electrochemical reactions that perturb the electrical field. Large anomalies
exist at the edge of the waste. However, large anomalies in the magnetic field and the
terrain conductivity also exist at the edge of the pile, and such correlated anomalies are
typical of a buried, corroding conductor. Although a portion of the self potential anomaly
might be caused by the sulfur, we cannot distinguish it from what might be caused by the
conductor. Thus, the results of this test are ambiguous.

The heterogeneities in the slag piles that have irregular, three-dimensional shapes might be
the largest impediment to processing the data because our processing algorithms cannot
account for this heterogeneity. However, several new algorithms developed at some
research universities can account for this heterogeneity, and when they become available
for routine processing, then our estimates of the thickness will be more accurate.

At other sites, man-made features that are close to the surface of the ground and contain
metal probably can be mapped using magnetic and terrain conductivity methods. Both
methods should be used together because the costs of acquiring the data are low and the
ambiguity inherent in the interpretation is reduced. The thicknesses of smelting and
mining wastes can sometimes be estimated using electromagnetic methods. Success with
these methods depends upon large anomalies in the electrical properties of the waste and
the degree of heterogeneity.
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1. INTRODUCTION

During August 1992, Michael Strieby, the Remedial Project Manager from Region VIII of
the Environmental Protection Agency (EPA), asked the Branch of Geophysics, U. S.
Geological Survey to characterize the Midvale Superfund Site using geophysical methods.
This site is located in Midvale, which is approximately 10 miles south of Salt Lake City,
Utah (Figure 1). On this site are piles of waste that were generated by smelting between
1871 and 1958 (Huntingdon Chen Northern, 1993); since some of the wastes contain
toxic substances, the site was placed on the National Priorities List.

The Remedial Project Manager must know the cost of removing those waste piles that are
toxic, and a crucial piece of information in this computation is the volume of the piles.
Because the lateral extent of the piles can be calculated from aerial photographs and
topographic maps, determining the thicknesses is our primary objective in the site
characterization. In this report, we describe in detail how we estimated these thicknesses
using inexpensive geophysical methods.

Because some problems that exist at this site also exist at other, similar sites in the Rocky
Mountain states, our secondary objective was to experiment with several geophysical
methods to address two generic problems. (1) When the smelter was operating, the toxic
particles in the furnace gases were trapped in the bag house, which is now demolished.
Because the rubble and the soil in and around the extant foundation of the bag house
probably contain some of the particles, this area might need remediation. We used
geophysical methods to find the edges of the foundation. The Midvale site is an ideal
location for this geophysical test because the geophysical results can be compared to old
engineering drawings of the former buildings and other structures. This test demonstrates
how well we can use geophysical methods to detect the buried foundations and other
structures at mining and smelting sites. (2) One waste pile contains calcine, which was
smelted from arsenopyrite. We tried an electrical geophysical method to detect this waste,
a challenging problem because the waste pile and ground around it contain scrap metal
and other debris.

This report is divided into six major sections with the first being this introduction. In the
second section, we describe the near-surface geology and the significant man-made
structures that affect the geophysical measurements. In the third, we summarize a
preliminary investigation that established the feasibility of this more-thorough
investigation. In the fourth section, we describe how the geophysical data were collected
and processed. The interpretation of the data is in the fifth section; also, we show some
data strongly affected by heterogeneity, and we discuss the effects that the heterogeneities
of the slag have on the interpretation. The final section contains the summary and some
suggestions.

For distances and elevations, we use English units because they are used on all engineering
drawings and topographic maps. When appropriate, we include the equivalent value in
metric units. For the geophysical measurements we use metric units because the



instruments display the data this way and metric units are the world-wide standard in the
geophysical industry. This mixture is the best means of presenting the results at this time.

2. GEOLOGY AND MAN-MADE STRUCTURES

The Midvale Superfund Site is located in the Salt Lake Valley, which is bounded by the
Wasatch Range on the east and the Oquirrh Mountains on the west. The sediments in the
valley, which range in thickness from several hundred to several thousand feet, include
lacustrine deposits from ancient Lake Bonneville, mud-rock flows from the mountains,
alluvial fans, sand dunes, glacial deposits, and flood plain sediments (Hely et al., 1971, p.
11). The near-surface soil on the site, which is next to the Jordan River (Figure 1), was
probably deposited as flood plain sediments.

Some buildings, foundations of demolished buildings, railroad tracks, and other structures
that were used in the smelting and refining of ore are still present on the site (Figure 2).
Moreover, after the smelting ended, additional structures such as power lines were built
on or near the site. In the south central area was a railroad yard; although the tracks are
not visible at the surface, they may be buried under slag. Also, a small building was in this
yard. In the southeast corner, the railroad tracks are visible at the surface. East of these
tracks, just beyond the edge of the site, is an electrical power line that trends north-south.
Across the middle of the site is another electrical power line that trends east-west. In the
center of the site is a lead refinery, which is still standing. Just to the east is an open area
in which many buildings related to the smelting were located. The buildings were
demolished, and their foundations are now filled with rubble and tailings from the Sharon
Steel Site just south of 7800 South Street. Through this open area passes a power line to
the refinery. North of the refinery is a railroad track, which is still being used. The track
trends east-west through most of the site; near the western side it turns towards the south,
passes outside the boundary of the site and then parallels the site along its western edge.
Also along the western edge is an electrical power line that trends north-south. The
northern end of the site is covered with excess rock and soil from the construction of
Interstate Highway 15 (Figure 1). In the northeast corner is a garbage dump (M. Strieby,
1993, person. commun.) that is probably covered by this rock and soil. Scattered
throughout the site are abandoned trucks, bulldozers, and other machinery. The entire site
is surrounded by a metal fence.

Five large piles that contain wastes from smelting are on the site (Figure 2). (1) In the
southeast corner is calcine, which is rich in sulfur and probably arsenic. This waste is
reddish-brown, contains large flecks of yellow, and is very fine-grained. (2) In the south
central area is the copper slag. It appears black and glassy; it has the consistency of an
unconsolidated, coarse sand. The elevation of the upper surface of the pile is greatest
along the eastern edge, which is formed by a terrace, and the elevation decreases to the
west. Near the site road is the western edge of pile; from here to the Jordan River are
sediments. (3) In the west central area are two piles of air-quenched slag. The slag on the
tops and most sides is gray and unconsolidated; its consistency is like a very coarse gravel.
Along the steep southern side of the easternmost pile, the slag is semi-consolidated. The



dips of the sides, except the side that we just noted, vary approximately from 30 to 40
degrees. (4) In the northwest corner is water-quenched slag. At the top and along most
of the sides, this black, glassy slag has the consistency of an unconsolidated, coarse sand.
Along the southern side near the bottom, the slag is semi-consolidated. The dips of the
sides of this enormous pile vary approximately from 30 to 40 degrees. (5) In the northeast
corner is the iron slag. At the top, this slag has the consistency of a unconsolidated, very
coarse gravel, but the slag exposed along the sides is partially consolidated. The dips of
the sides vary approximately from 40 to 70 degrees. The southern edge of the pile is
bounded by a cement platform that extends to the railroad track. The ground near these
five piles is covered by a thin layer of slag.

3. PRELIMINARY INVESTIGATION

To determine whether we could estimate the thicknesses of the waste piles using electrical
methods, a preliminary investigation was performed using surface and borehole
geophysical methods. On September 9, 1992 R. Horton (1992, written commun.)
measured electrical properties using a terrain conductivity meter (Geonics EM-31) and a
very low frequency resistivity meter (Geonics VLF-16R) that are primarily surface
profiling instruments. From these measurements we learned that (1) the resistivity of the
slag is greater than that of the underlying material, (2) the apparent resistivity measured at
the top of the slag piles is approximately 100 Q-m, (3) the apparent resistivity at one
exposure of natural sediments is approximately 15 Q-m, and (4) the apparent resistivity of
the calcine waste is approximately 15 Q-m. On October 22 and 23,1992 thirteen
monitoring wells, (Figure 3), which were installed during a previous site investigation,
were logged with an induction tool (Appendix A). From these logs, we learned that the
resistivities of these soils around the wells range from 10 to 30 Q-m. If we assume that
the sediments under the waste piles are also in this range, then the significant contrast in
the resistivity of the slag and sediment might be exploited to estimate the thicknesses of
the slag piles but not the calcine waste.

Horton (1992, written commun.) also measured the magnetic susceptibilities of several
samples of waste using a portable magnetic susceptibility meter (Geoinstruments JH-8),
the values vary enormously within some slag piles indicating that these piles are very
heterogeneous in their magnetic properties. The monitoring wells were also logged with
neutron and gamma tools, and the results are in Appendix A.

4. DATA COLLECTION AND PROCESSING

We collected six types of surface geophysical data at the Midvale Superfund Site between
February 16 and 23,1993 and between June 2 and 6, 1993. Since the type of data, the
acquisition geometry, and the processing depended upon the geophysical objective, we
organize the discussion of these topics by the objective. In the last part of this section, we
discuss how we surveyed our locations.



4.1 Thicknesses of Slag Piles

The important result of the preliminary investigation is that we might be able to estimate
the thicknesses of the slag piles using either electrical resistivity or electromagnetic
geophysical methods. We chose to use electromagnetic methods for two reasons. (1)
With the resistivity method, a high contact resistance between the electrodes and the slag
might exist, reducing the amount of current that can be injected. With little current, the
accuracy of the measurements is lower. With electromagnetic methods, direct electrical
contact with the slag does not occur. (2) Usually, fewer people are needed to collect
electromagnetic data than are needed to collect resistivity data.

We collected the electromagnetic data using two types of terrain conductivity meters and
using time-domain electromagnetic soundings. Both terrain conductivity meters operate
similarly: a receiving coil measures the oscillating magnetic fields generated by a
transmitting coil and by eddy currents in the ground (Frischknecht et al., 1991, p. 106-
110; Telford et al., 1976, p. 500-631). For one instrument, the Geonics EM-31, the coil
separation is fixed at 3.7 m (Geonics Ltd., 1984); for the other, the Geonics EM-34, the
separations are 10, 20, and 40 m (Geonics Ltd., 1987). To obtain information from
different depths, the measurements for both instruments were made with the coils either
horizontal coplanar (HCP) or vertical coplanar (VCP). Altogether, we made eight terrain
conductivity measurements at each station.

The terrain conductivity data were collected along lines called profiles consisting of
approximately 10 to 15 stations (Figure 3). The profiles on the tops of piles were for
estimating their thicknesses; the profiles near the bases of the piles were for estimating the
resistivities of the soils and sediments. The spacing between the stations is usually 15.2 m
(50 ft); we chose this distance because it is small enough to detect significant changes in
the thicknesses of the slag piles but large enough to minimize the number of
measurements. Sometimes we made extra EM-31 measurements between stations to
carefully monitor the changes in the near-surface electrical properties, and sometimes we
reduced the station spacing on short profiles because we wanted at least 8 stations on each
profile. The EM-31 data and the EM-34 data for every profile are tabulated in
Appendices B and C, respectively.

Our processing algorithm, which is described in the next paragraph, cannot account for
topography. Therefore, we tried to collect data that should be unaffected by topography:
we kept the distance between the profiles and the sides of the piles greater than the largest
coil spacing, 40m. We could not meet this criterion for profiles A1, A2, and A3 and for
the ends of profile W3 (Figure 3). Electrical conductors such as buried metal, fences, and
steel-reinforced concrete perturb the terrain conductivity measurements. Insofar as
possible we kept away from these conductors, although sometimes the ends of profiles are
near them causing anomalies in the data. All terrain conductivity measurements, except
those on profiles P1 and P2, were made in February; at this time the ground was nearly
saturated from melting snow and rain. Because water in the pores of sediments can raise



electrical conductivity, our measurements might higher than identical measurements made
during a dry season.

We processed the terrain conductivity data using a nonlinear least-squares inversion
developed by Anderson (1992). The most important assumption about the mathematical
model used in this inversion is that the ground consists of flat, horizontal layers that
extend laterally to infinity. The implication of this assumption is that, when the geology
changes rapidly in a horizontal direction, the estimates of the thickness and the resistivities
may not be accurate. Other assumptions are in Anderson (1992) and Ward and Hohman
(1987, p. 133). For the slag piles, we found that a two layer model is satisfactory: the
upper layer represents the slag and the lower layer, which is a half space, represents the
underlying soil and sediment. The inversion estimates the thickness of the first layer and
the resistivities of both layers.

For the time-domain electromagnetic method, a steady-state magnetic field is generated by
a current passing through a coil on the ground. The current is shut-off, inducing eddy
currents in the ground, and the decay of the magnetic field is measured (Kaufman and
Keller, 1983, p. 315-338). We used a Geonics EM-47 transmitter (Geonics, 1989) to
generate the original magnetic field and a Geonics EM-37 receiver (Geonics, 1985) to
measure the decaying field. The transmitting coil was square, and each side was 38.1 m
(125 ft) long. The receiving coil was at the geometric center of the transmitting coil.
Measurements were made at 30 Hz and 315 Hz. For each frequency, 256 measurements
were usually stacked to make one data set, and then five data sets were averaged.
Extensive details about the field procedures are in Fitterman (1993, written commun.).

We used the soundings on the slag piles to estimate their thicknesses, and the soundings
on the ground near the piles to estimate the resistivities of the soils and sediments. For the
soundings on the piles, we placed the transmitting coil close to the center to minimize the
three-dimensional effects that the steep sides might have on the data. Since the upper
surfaces of the two piles of air-quenched slag are rugged and the areas of these surfaces
are small compared to that of the transmitting coil, we did not make any measurements
here. Soundings S2 and S3, which are on the water-quenched slag, might contain some
spurious noise because the data were collected during an electrical storm that was about
15 miles west of the site. The data for every sounding are tabulated in Appendix D.

To process the time-domain electromagnetic data, we used a commercial software
package called Temix (Interpex, 1989). The most important assumption about the
mathematical model for this program is that the ground consists of flat, horizontal layers
that extend laterally to infinity. Other assumptions are in Ward and Hohman (1987, p.
133). Forward modeling is used to find approximate thicknesses and resistivities for each
layer that are geologically reasonable, and then a least-squares inversion is used to find the
optimum values.



4.2 Bag House Foundation

We observed large metal rods near the bag house foundation, and so we suspect that it
might be made with steel reinforced concrete. When metal is close to the surface, it
usually can be detected with electrical or magnetic methods, and for this reason we
decided to measure the near-surface electrical properties and the magnetic field.

The electrical properties were measured with the terrain conductivity meter (EM-31) in
the horizontal coplanar configuration, which is described in section 4.1. We measured the
in-phase and out-of-phase (quadrature) components of the magnetic field. The former is
valuable because it is especially sensitive to large metallic objects (Geonics, 1987); the
latter is the standard terrain conductivity measurement. Furthermore, we made these two
measurements with the axis between the coils parallel and perpendicular to the profile,
which we call the in-line and the cross-line directions, respectively. A difference between
the in-line and cross-line measurements indicates that the ground is laterally
inhomogeneous (Geonics, 1987) — we expect this property near the foundation. The
data are tabulated in Appendix B.

The magnetic field was measured with a nuclear precession magnetometer, EG&G
Geometrics G856, which is described in EG&G Geometrics (1984). Details about the
physical principles of this instrument are in Telford et al. (1976, p. 145-146). To
determine if the temporal variations in the field and the changes in the instrument response
were significant, we measured the magnetic field at the first station in a profile when we
began the profile and then again when we finished it. The data are tabulated in Appendix
E.

To determine the exact location and orientation of the bag house, we collected data along
three parallel profiles that are perpendicular to the long, east-west axis of the bag house
foundation (Figure 3). We chose three profiles because we would be able to correlate the
data from one profile with the data from another, increasing our confidence in our
interpretation. Since we did not know how wide the anomalies would be, we chose a
station spacing of 1.5 m (5 ft); this distance is small enough to detect small but significant
anomalies and large enough to minimize the amount of data to be collected.

Corrections to the magnetic field data for the temporal variations in the magnetic field and
for changes in the instrument response are unnecessary because they are insignificant
compared to the anomalies: typical small anomalies are approximately 150 nT whereas the
sum of the variations and changes are approximately 10 nT. Only one processing step was
applied to the electromagnetic and magnetic data: the mean value of the data along each
profile was subtracted from the data. The resulting data shows the anomalies, what we
are trying to detect.



4.3 Calcine Waste

Frequently, bodies of sulfide minerals create an electric field from the electrochemical
reactions occurring within them (Telford et al., 1976, p. 458-460). This field can be
detected by measuring the electric potential around the body, called the self potential
(Corwin, 1990). The calcine waste contains large, visible flecks of sulfur. Therefore, we
took self potential measurements to see if the calcine waste could be mapped from
anomalies assoicated with the sulfur.

To collect the self potential data, we used non polarizing electrodes consisting of plaster
of Paris with a small amount of lead chloride. We placed one electrode in the soil at the
western end of profile P1 (Figure 3); this electrode remained here for all measurements
along profiles P1 and P2. At each station, we placed the other electrode at the bottom of
a hole about 8 cm (3 in) deep where moisture in the slag reduced the contact resistance.
The potential and resistance were measured with a standard digital multimeter with a high
input impedance, and these data are tabulated in Appendix F. At a few stations we
checked the accuracy of the potential and resistance measurements by comparing them
with measurements obtained with another multimeter; in all cases the two sets of
measurements are virtually identical. The resistances generally range between 10 and S0
kQ indicating that the potential measurements are reliable; only 9% of the 77
measurements exceed 50 kQQ. We did not make any additional measurements near the
base electrode to account for drift; this omission is not a significant problem because we
only want to detect anomalies.

Because we are concerned that the self potential anomalies could be caused by buried
metal, which is ubiquitous at this site, we also collected terrain conductivity data (EM-31)
and magnetic field data along profiles P1 and P2. We collected the conductivity data in
the inline, horizontal coplanar configuration, which is described in section 4.1 and 4.2; the
data are tabulated in Appendix B. We collected the magnetic field data using the
procedures described in section 4.2; the data are tabulated in Appendix E.

Since we only wanted to detect anomalies in the self potential, the magnetic field, and the
terrain conductivity data, the data do not need to be processed. Also, corrections to the
magnetic field data are unnecessary because they are sufficiently small.

4 4 Other Data

At the start of the project, we thought that we could correlate changes in the mineralogy
of the slag with changes in its magnetic properties. For this reason, we measured the
magnetic field and the magnetic susceptibility along several profiles. The procedures for
the magnetic field measurements are described in section 4.2, and the data are tabulated in
Appendix E. We measured the susceptibility with a Geoinstruments Susceptibility Meter
JH-8, and the data are listed in Appendix G. Because we lacked time and money to
determine the mineralogical properties of the slag, we did not analyze the magnetic data.



W. Frangos collected and interpreted resistivity data near the calcine waste, and his work
is described in Appendix H.

4.6 Surveying

To determine the locations of the profiles and soundings, we used the topographic maps
prepared by Intermountain Aerial Surveys for the EPA, for which the grid is the state
plane coordinates. These maps are well suited for this purpose because they are detailed:
the scale is 1:1200, and the contour interval is 2 ft. We used compass bearings to
prominent man-made structures such as electrical utility poles and corners of buildings to
determine the location of a point. Then we checked the location by comparing the
topography around the point to that indicated by the contours on the map. We believe
that the locations are usually accurate to within 20 ft.

5. RESULTS AND DISCUSSION

5.1 Thicknesses of Slag Piles

In this section, we present cross sections of the slag piles showing their thicknesses. To
develop these sections, we used the estimated thicknesses that we calculated using the
methods described in section 4.1. To get the elevations of the slag-sediment interface, the
thicknesses were subtracted from the station elevations, which we picked from the
topographic maps prepared by Intermountain Aerial Surveys. These predicted elevations
are erratic, and so on the cross sections we drew smooth lines to represent the interface.
The sections are longer than the profiles because we want show the topography near the
pile. Since knowing how much confidence to place in these cross sections is important,
we also show how well the predicted data, which is calculated by the processing
algorithm, fit the field data.

For the pile of water-quenched slag, we could not calculate any thicknesses that are
geologically reasonable. We believe that our problems are due to the heterogeneity of this
pile, and we discuss our measurements in detail in section 5.4.

5.1.1 Air-Quenched Slag Piles

On the easternmost pile along profile A1, we estimated thicknesses at stations 3, 5, 6, 7, 8,
and 10. We did not process the data from the ends of this profile because at both
locations either the transmitting or receiving coil for the EM-34 was on the steep side of
the pile. Also we did not include the EM-34 data at the 40 m spacing in the processing
because these data are erratic. The predicted data and the field data match moderately
well (Figures 4 and 5). The ranges in resistivities for the slag and the underlying sediment
are consistent with what we measured in other parts of the site. The estimated thicknesses
of the slag at six stations range from 5 to 10 m (17 to 32 ft) (Figure 6). Judging from the
topography of the pile and the surrounding ground, the larger estimates seem more
plausible.



Regarding these results, we asked ourselves two questions: “Why is the range in thickness
so large?” and “Why do most of the estimated thicknesses appear to be too small?”

The slag on the southern side of the pile is semi-consolidated, whereas the slag on the top
and the other sides is loose. This difference indicates to us that the pile is laterally
heterogeneous. Also, the steep sides of the pile are within 15 m (50 ft) of the profile,
which is close enough to affect the conductivity measurements, particularly for the larger
inter-coil spacings. Since the mathematical model on which the inversion is based does
not account for lateral heterogeneity and topography, we are not confident in the
estimated thicknesses, even though the residuals are small.

On the westernmost pile along profiles A2 and A3, we estimated the thickness at all
stations except station 1 on A2 because it is too close to the edge. We omitted all
horizontal coplanar data and the vertical coplanar data at the 40 m spacing because they
are too erratic. Even though we only had three measurements at each station, we wanted
the least-squares solution to be over determined because in this case the effect of random
noise on the estimates of the model parameters will be reduced. To this end, we fixed the
resistivities of the slag and sediment at 100 Q-m and 30 Q-m, respectively, which are
typical values that we measured at the site. Thus, we only estimated the thickness of the
slag. For profile A2, the fit between the predicted and field data is fair (Figure 7); the
estimated thicknesses range from 2 to 5 m (8 to 17 ft) (Figure 8). For profile A3, the fit is
also fair (Figures 9), and the estimated thicknesses range from 2 to 9 m (7 to 28 ft) (Figure
10). From examining the topography, we believe that the actual thickness is close to 6 m
(20 ft). The wide range in the estimates may be due to heterogeneity of the pile, the same
problem that we encountered with the easternmost pile. The erratic character of the
horizontal coplanar data supports this hypothesis because these data are usually more
affected by electrical heterogeneities at depth than vertical coplanar data.

5.1.2 Iron Slag Pile

Along profile I1, we estimated the thicknesses and resistivities at all but the last three
stations; at these three, which are on a cement foundation, the measured conductivities are
high. The predicted data match the field data reasonably well (Figures 11 and 12). The
estimated resistivities for the slag and sediment are consistent with the other estimates
throughout the site. At the northern end of the profile the estimated thickness of the slag
is approximately 4 m (14 ft); at the southern end approximately 11 m (37 ft). Accounting
for the change in elevation along the profile, the predicted elevations of the slag-sediment
interface at all stations except two, which cluster about 4275 ft (Figure 13). Judging from
the topography near the pile, this prediction is plausible.

From the terrain conductivity data collected along profile I12, we estimated thicknesses and
resistivities at all stations. The match between the field and predicted data for the
horizontal coplanar configuration is satisfactory (Figure 14). The match for the vertical
coplanar configuration is poor (Figure 15): the predicted data are usually too high for the
10 and 20 m spacings and too low for the 40 m spacing. We were unable to improve the



fit using a model with three layers; the misfit might be due to lateral heterogeneity. At all
stations the estimated resistivities for the slag and the sediment are consistent with what
we measured throughout the site (Figure 16). For the six stations at the southern end of
the profile, the estimated thicknesses of the slag range from 10 to 13 m (32 to 42 ft),
which are consistent with the estimates from the time-domain electromagnetic data and
with the estimates along profile I1 (Figure 13). At the northern end of the profile, the
estimated thicknesses at all stations except one are much larger, ranging up to 20 m (65
ft). Because the ground near the pile is flat, we did not expect this increase in thickness.
Nonetheless, the general trend of the estimates might be correct: the slag might be filling a
portion of the buried dump that is near the pile (Figure 2).

From the time-domain electromagnetic data, soundings S4 and S5, which are close to
profile 12, we estimated how the electrical conductivity changes with depth. For
soundings S4, the match between the field and predicted data is good (Figure 17). In the
model developed for sounding S4 (Figure 18), the first layer has a low resistivity and is
approximately 1 m (3 ft) thick. We needed this layer in the processing to obtain a
reasonable fit to the field data, although it was unnecessary when we processed the terrain
conductivity data. The middle and bottom layers represent the slag and the underlying
sediments, respectively; their resistivities are similar to the resistivities estimated along
profiles I1 and I2. The thickness of the slag is approximately 10 m (33 ft). From the data
that we collected at sounding S5 (Figure 19), we obtained a model very similar to that for
S4 (Figure 20), and we interpreted the layers similarly. The only notable difference in this
model is that it has a fourth layer beginning at approximately 18 m (59 ft); again, we
needed this layer to get a reasonable match between the field and predicted data.

5.1.3 Copper Slag Pile

For the first four stations along profile M1, we used all the data except those for the
horizontal coplanar configuration at the 40 m spacing because they are too erratic. For
the next five stations, we only used the vertical coplanar data at the 3.7, 10, and 20 m
spacings because all the other data are too erratic. To keep the least-squares inversion
over determined for these five stations, we set the resistivities of the slag and sediment to
210 and 35 Q-m, respectively, which are suitable averages for this pile. We did not
process the data from the last four stations, which are west of the site road, because they
are too erratic. The data predicted by the inversion fit the field data moderately poorly
(Figures 21 and 22). At the first four stations, the estimated resistivities for the sediment
are consistent with other estimates at the site. The estimated resistivities for the slag are
higher than the estimates for the other slag piles but are consistent with the estimates
along the other three profiles over this pile. The estimated thicknesses are between 1 and
7 m (2 and 23 ft), a broader range than we expect. These modest results are probably due
to the heterogeneity of this pile: it may contain scrap metal since it is above an old railroad
yard (Figure 2). After accounting for the topography, the estimates of the elevation of the
slag-sediment interface cluster about 4290 ft (Figure 23), which is consistent with the
predictions from the terrain conductivity data along other profiles and from the time-
domain electromagnetic data. The straight line that we drew to represent the slag-
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sediment interface ties with the lines on profiles M3 and M4. The line dips slightly
westward towards the Jordan River, an attitude that we expect in a flood plain. Going
from east to west along this profile, the thickness of the pile diminishes.

At stations 1 through 8 along profile M2, we only used the data for the vertical coplanar
configuration at the 3.7, 10, and 20 m spacings. The other data at these stations as well as
all data from stations 9 and 10 are too erratic to be processed. To keep the inversion over
determined, we set the resistivity of the slag to 210 Q-m. We tried different values for the
resistivity of the sediment until the fit to the field data was good (Figure 24), although we
never let this parameter vary during an inversion. The values giving the best fit varied
between 25 and 40 Q2-m, a range that is consistent with other measurements at this site.
The estimated thicknesses range from 1 and 3 m (2 to 10 ft) and increase from east to
west. They are consistent with the estimates along profiles M3 and M4 near this profile.
After accounting for the topography, the estimated elevation of the slag-sediment interface
is approximately 4300 ft at the eastern end of the profile and drops uniformly to
approximately 4290 ft at the western end (Figure 25). At this location in the flood plain,
we expect such a westward dip.

At stations 3 through 16 along profile M3, we processed only the data for the vertical
coplanar configuration at the 3.7, 10, and 20 m spacings. The other data and the data
from the other stations were not processed because they are too erratic. To keep the
inversion over determined, we used the same procedure that we used along profile M2.
The fit between the predicted and field data is moderately good (Figure 26). The values
for the resistivity of the sediment vary between 20 and 37 Q-m, and this range is
consistent with other measurements at the site. The estimated thicknesses range from 0.3
to 4 m (1 to 12 ft) and are consistent with the nearby estimates from profiles M1 and M2.
Our estimate of the slag-sediment interface is at approximately 4290 ft (Figure 27) and its
apparent dip is small, a result that we expect along a line that parallels the river in a flood
plain.

Along profile M4, we processed the data at stations 1 through 10 and 14 through 16. The
data from stations 11 through 13 are too erratic, and station 17 is too close to a metal
fence. Also, at stations 6 through 10 we excluded from the processing the horizontal
coplanar data for the 40 m spacing because they are too erratic. Similarly, at stations 14
through 16 we excluded all horizontal coplanar data and the vertical coplanar data at the
40 m spacing. For the last three stations, we kept the inversion over determined using the
same procedure that we used for profiles M2 and M3. The fit between the predicted and
the field data is satisfactory at most stations except 6 through 10 where it is poor (Figures
28 and 29). The estimated resistivities for the slag and sediment are consistent with those
along other profiles. The range in the estimated thicknesses for the first two groups of
stations is small — from 5 to 7 m (16 to 22 ft). These estimates are consistent with those
at nearby stations on profile M1 and with that from the time-domain electromagnetic data.
At the last group of stations near the southern end, the estimates range from 0.3 to 1 m (1
to 3 ft) and are consistent with those on profile M2. The slag-sediment interface is at
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approximately 4290 ft at the northern end of the profile and at 4300 ft at the southern end
(Figure 30). At both locations, it has little dip as we expect.

Near the intersection of profiles M1 and M4, we collected the time-domain
electromagnetic data, sounding S7. The match between the predicted and field data is
good (Figure 31). The first layer in the model, which represents the slag, is 5.1 m (17 ft)
thick, and its resistivity is 150 Q-m (Figure 32). Both estimates are similar to what we
determined from the terrain conductivity data. The resistivities of the deeper layers vary
between 15 and 60 Q-m. Although this model has more layers at depth than that used for
the terrain conductivity data, their resistivities are similar.

5.2 Bag House Foundation

We made a map of the bag house foundation and other man-made structures near it from
the old engineering drawings of the site. Using the foundation of an old smelter chimney,
which is on the drawings and is still extant, as an approximate reference, we plotted on the
map the anomalies from the three profiles. We observed that the anomalies are associated
with the man-made structures. We then shifted the location of the profiles about 15 ft to
get an optimal fit between the anomalies and the structures (Figures 33, 34, 35, 36, and
37).

Anomalies in all five types of data — magnetic field, conductivity in the inline direction,
conductivity in the crossline direction, in-phase component in the inline direction, and in-
phase component in the crossline direction — exist above all man-made structures — the
walls of the foundation, a wall or metal duct north of the foundation, and a railroad track
south of the foundation. In addition, the anomalies on different profiles correlate well.
The relative sizes of the anomalies among the different data sets vary, and consequently if
we use all five types together we have the best chance of finding a buried structure.

5.3 Calcine Waste

At the edge of the calcine waste along profile P1 are large anomalies in the self potential
data (Figure 38), the terrain conductivity data (Figure 39) and the magnetic data (Figure
40). Similar, correlated anomalies exist along profile P2 (Figures 41, 42, and 43).
Anomalies like these can be caused by a buried, corroding conductor; the presence of such
a conductor is plausible because throughout this area are abandoned railroad tracks, a
barbed wire fence, and metallic junk. Nonetheless, the calcine waste might be generating a
potential anomaly, but the anomaly supposedly due to the conductor is masking it. For
this reason, the results of this test are ambiguous.

Our profiles end near the western edge of the waste pile; to the east is private property.

For an ideal survey, we would have either extended the two profiles across and beyond the
waste pile or, even better, collected the data along many parallel profiles over the pile.
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At approximately 400 ft on profile P1, anomalies appear on self potential data, terrain
conductivity data, and magnetic field data. Similar, correlated anomalies appear on profile
P2 also at 400 ft. These anomalies might be caused by another buried, corroding
conductor.

5.4 Heterogeneity of the Piles

Our problems with the processing and interpretation of the terrain conductivity data and
the time-domain electromagnetic data are probably due to the heterogeneity of the slag
piles. This heterogeneity is manifested in the geophysical measurements as large changes
between adjacent stations. We observed that the horizontal coplanar data are always more
erratic than the vertical coplanar data are; this phenomenon occurs in other investigations
too (Fitterman, 1993, person. commun.). We also observed that the data collected with
the large inter-coil spacings are usually more erratic than the data collected with the small
inter-coil spacings. The data collected at the large inter-coil spacings are more affected by
lateral variations in the ground than data at the small spacings.

The data collected on the water-quenched slag are good examples of erratic
measurements. If the pile were homogeneous, then all measurements of the same type
would be equal. However, the terrain conductivity data and magnetic data change
dramatically along profile W1 (Figures 44, 45 and 46), and the time-domain
electromagnetic data from adjacent soundings, S2 and S3, are very different (Figures 47
and 48). Because of these erratic measurements, our estimates of the thickness of the pile,
which we did not include in this report, are implausible. This failure was surprising to us
because, from our observations of the surface of the pile, we thought it was mostly
homogeneous. Also, the data collected for the background lines are very erratic, and for
this reason we did not interpret them.

On the other piles, the heterogeneity diminished the quality of our estimates. This
problem is particularly severe on the air-quenched slag: most estimates of the thickness of
the slag are not plausible. On the piles of iron slag and of copper slag, the problem is less
severe and is manifested in the scatter of the estimates. Although we often obtained
reasonable estimates by eliminating erratic data, this technique has a significant
disadvantage: because of the paucity of data the estimates are poorly constrained and are
strongly affected by noise. Consequently, the estimates obtained with this technique must
be carefully evaluated.

6. SUMMARY AND SUGGESTIONS

We estimated the thicknesses of the iron slag pile along two profiles using terrain
conductivity data and at two soundings using time-domain electromagnetic data. Because
the estimates are independent, virtually identical, and geologically plausible, we are
confident in their accuracy. Our success with the four profiles and one sounding on the
copper slag is similar. For the eastern and western piles of air-quenched slag, our
estimated thicknesses from the terrain conductivity data are somewhat erratic and smaller
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than what we expect from our knowledge of the geology. We attribute our mediocre
results to the heterogeneity of these two piles. For the pile of water-quenched slag, we
were unable to obtain geologically reasonable estimates of its thickness from both types of
data. Again, we attribute these poor results to the strong heterogeneity of the pile.

Using a terrain conductivity meter (EM-31) and a magnetometer, we successfully located
the bag house foundation and other man-made structures near it. The four types of data
from the EM-31 — apparent conductivity in the inline direction, apparent conductivity in
the crossline direction, in-phase component in the inline direction, and in-phase component
in the crossline direction — plus the magnetic field data are complementary. Interpreting
one type of data was difficult because the sizes of some anomalies are small. However,
when all five types were combined, the interpretation was straightforward.

Large anomalies in the self potential, terrain conductivity, and magnetic field exist at the
boundary of the calcine waste pile. Although the calcine waste might have an anomalous
potential due to electrochemical reactions with the sulfur in the waste, the anomalies are
more characteristic of a buried, corroding conductor. For this reason, our self potential
measurements have not conclusively demonstrated that sulfide-rich waste can be mapped
with the self potential method. Because self potential anomalies are caused by substances
that are important in environmental investigations and because the data collection is fast
and inexpensive, this method could be valuable at other sites.

Our data indicate that the slag piles are heterogeneous in the electrical and magnetic
properties. As a result, our processing algorithm, which currently is the only method that
is practical, is inadequate for about half the data. With other types of electromagnetic data
and with more sophisticated algorithms, we could improve our estimates of the
thicknesses of the slag piles.

We would like to make several specific suggestions that might help Remedial Project
Managers characterizing other smelting and mining sites. First, man-made features that
are close to the surface of the ground and contain metal probably can be mapped using
magnetic and terrain conductivity methods. Both methods should be used together
because the costs of acquiring the data are low and the ambiguity inherent in the
interpretation is reduced. Regarding the last point, the interpretation of geophysical data
always involves some uncertainty, but when data from two or more methods are
interpreted together the uncertainty is usually reduced. Second, the thicknesses of
smelting and mining wastes can sometimes be estimated using electromagnetic methods.
Success with these methods depends upon large anomalies in the electrical properties of
the waste and the degree of heterogeneity. Sometimes other geophysical methods such as
ground penetrating radar or seismic refraction could be more successful, and so
Remedial Project Managers might want to consider them.

We would also like to make several general suggestions that might help Remedial Project

Managers characterizing any site. First, a geophysicist needs information about the
contamination problems, the geology, and the hydrology to properly characterize the site.
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Even if this information is not available at the start, it is still valuable later. Second, a
small-scale preliminary investigation is invaluable. From this investigation, the
geophysicist will learn what physical properties associated with the characterization
problem are anomalous. Then, the geophysicist will either pick the most suitable
geophysical method or stop work if nothing is suitable. Much taxpayer money can be
saved, and the geophysicist as well as the Remedial Project Manager can avoid
considerable embarrassment. Third, Managers probably should not rely entirely upon
geophysical characterization because it is sometimes unsuccessful. At first, Managers
might try geophysical methods because they are inexpensive and nonintrusive. Then,
Managers might try other methods either to confirm the geophysical results or to obtain
the needed information when the geophysical methods fail.
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Figure 4. Terrain conductivity data in the HCP configuration for profile A1. The open
circles are the field data, the solid circles are the data predicted by the inversion, and the
three distances refer to the inter-coil spacing.
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Figure 5. Terrain conductivity data in the VCP configuration for profile A1. The open
circles are the field data, the solid circles are the data predicted by the inversion, and the

three distances refer to the inter-coil spacing.
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Figure 6. Cross section through the eastern, air-quenched, slag pile along profile Al. The
solid line represents the upper surface of the pile, the solid circles the slag-sediment
interface estimated from the data, the dotted line our estimate of the location of the
interface. Distances are measured with respect the northernmost station; the vertical
exageration is 4.
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Figure 7. Terrain conductivity data in the VCP configuration for profile A2. The open
circles are the field data, the solid circles are the data predicted by the inversion, and the
three distances refer to the inter-coil spacing.
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Figure 8. Cross section through the western, air-quenched, slag pile along profile A2.

The solid line represents the upper surface of the pile, the solid circles the slag-sediment
interface estimated from the data, the dotted line our estimate of the location of the
interface. The ranges in resistivities are the minimum and maximum values estimated from
all stations along the profile. Distances are measured with respect the northernmost
station; the vertical exageration is 6.
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Figure 9. Terrain conductivity data in the VCP configuration for profile A3. The open
circles are the field data, the solid circles are the data predicted by the inversion, and the
three distances refer to the inter-coil spacing.
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Figure 10. Cross section through the western, air-quenched, slag pile along profile A3.
The solid line represents the upper surface of the pile, the solid circles the slag-sediment
interface estimated from the data, the dotted line our estimate of the location of the
interface. Distances are measured with respect the easternmost station; the vertical

exageration is 6.
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Figure 11. Terrain conductivity data in the HCP configuration for profile I1. The open
circles are the field data, the solid circles are the data predicted by the inversion, and the
four distances refer to the inter-coil spacing.
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Figure 13. Cross section through the iron slag pile along profile I1. The solid line
represents the upper surface of the pile, the solid circles the slag-sediment interface
estimated from the data, the dotted line our estimate of the location of the interface. The
ranges in resistivities are the minimum and maximum values estimated from all stations
along the profile. Distances are measured with respect the northernmost station; the
vertical exageration is 7.5.
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Figure 14. Terrain conductivity data in the HCP configuration for profile ]2. The open
circles are the field data, the solid circles are the data predicted by the inversion, and the
four distances refer to the inter-coil spacing.
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Figure 15. Terrain conductivity data in the VCP configuration for profile I2. The open
circles are the field data, the solid circles are the data predicted by the inversion, and the
four distances refer to the inter-coil spacing.
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Figure 16. Cross section through the iron slag pile along profile I2. The solid line
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estimated from the terrain conductivity data, the open triangles the interface estimated
from the time-domain electromagnetic data, the dotted line our estimate of the location of
the interface. The ranges in resistivities are the minimum and maximum values estimated
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Figure 17. Time-domain electromagnetic data collected at sounding S4, which is near
profile I2. The open squares are the field data, the solid line the data predicted by the
inversion.
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Figure 18. Electrical model of the near-surface determined by the inversion of the time-
domain electromagnetic data from sounding S4.

34



MVS05A
10007 ' '

N 1 .8 2

(WS
(=]
o

lJllll

APPARENT RESISTIVITY (OHM-M)

10

L] L} "l"l"l L] L lel'll 1] LRI A)

0.001 0.01 0.1 1
TIME (msec)

Figure 19. Time-domain electromagnetic data collected at sounding S5, which is near
profile I2. The open squares are the field data, the solid line the data predicted by the
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Figure 20. Electrical model of the near-surface determined by the inversion of the time-
domain electromagnetic data from sounding SS.
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Figure 21. Terrain conductivity data in the HCP configuration for first four stations along
profile M1. The open circles are the field data, the solid circles are the data predicted by
the inversion, and the three distances refer to the inter-coil spacing.
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Figure 22. Terrain conductivity data in the VCP configuration for profile M1. The open
circles are the field data, the solid circles are the data predicted by the inversion, and the
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Figure 23. Cross section through the mixed slag pile along profile M1. The solid line
represents the upper surface of the pile, the solid circles the slag-sediment interface
estimated from the terrain conductivity data, the open triangle the slag-sediment interface
estimated from the time-domain electromagnetic data, the dotted line our estimate of the
location of the interface. The ranges in resistivities are the minimum and maximum values
estimated from the first four stations. Distances are measured with respect the
easternmost station; the vertical exageration is 10.
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Figure 24. Terrain conductivity data in the VCP configuration for profile M2. The open
circles are the field data, the solid circles are the data predicted by the inversion, and the
three distances refer to the inter-coil spacing.



4340

4330 4
£ 43201 SLAG (210 0-m)
Z 4310 SITE ROAD
=
<>t 4300 -+
]
L 4290 H .‘5’.'
4280 - SEDIMENT (25-40 0-m)
4970 ] INTIERSECTION Wl’:’H M3 \'/ J, INTERSECTION WITH M4
1000 800 600 400 200 0 -200 -400
WEST EAST

DISTANCE (ft)

Figure 25. Cross section through the mixed slag pile along profile M2. The solid line
represents the upper surface of the pile, the solid circles the slag-sediment interface
estimated from the data, the dotted line our estimate of the location of the interface.
Distances are measured with respect the easternmost station; the vertical exageration is
10.
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Figure 26. Terrain conductivity data in the VCP configuration for profile M3. The open
circles are the field data, the solid circles are the data predicted by the inversion, and the
three distances refer to the inter-coil spacing.
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Figure 27. Cross section through the mixed slag pile along profile M3. The solid line
represents the upper surface of the pile, the solid circles the slag-sediment interface
estimated from the data, the dotted line our estimate of the location of the interface.
Distances are measured with respect the northernmost station; the vertical exageration is

10.
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Figure 28. Terrain conductivity data in the HCP configuration for profile M4. The open
circles are the field data, the solid circles are the data predicted by the inversion, and the
four distances refer to the inter-coil spacing.
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Figure 29. Terrain conductivity data in the VCP configuration for profile M4. The open
circles are the field data, the solid circles are the data predicted by the inversion, and the
four distances refer to the inter-coil spacing.
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Figure 30. Cross section through the mixed slag pile along profile M4. The solid line
represents the upper surface of the pile, the open triangle the slag-sediment interface
estimated from the time-domain electromagnetic data, the solid circles the slag-sediment
interface estimated from the data, the dotted line our estimate of the location of the
interface. Distances are measured with respect the northernmost station; the vertical
exageration is 10.
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Figure 31. Time-domain electromagnetic data collected at sounding S7, which is near
profiles M1 and M4. The open squares are the field data, the solid line the data predicted
by the inversion.
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Figure 32. Electrical model of the near-surface determined by the inversion of the time-
domain electromagnetic data from sounding S7.
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Figure 33. Magnitude of the magnetic induction field along the three profiles over the bag
house. :
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Figure 34. Apparent conductivity measured with the terrain conductivity meter (EM-31) in
the inline direction along the three profiles over the bag house.
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Figure 35. Apparent conductivity measured with the terrain conductivity meter (EM-31) in
the crossline direction along the three profiles over the bag house.
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Figure 36. In-phase component measured with the terrain conductivity meter (EM-31) in

the inline direction along the three profiles over the bag house.
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Figure 37. In-phase component measured with the terrain conductivity meter (EM-31) in
the crossline direction along the three profiles over the bag house.
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Figure 38. Self potential along profile P1.
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Figure 39. Terrain conductivity data (EM-31) in the HCP configuration for profile P1.
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